A large number of direct imaging surveys for exoplanets have been performed in recent years, yielding the first directly imaged planets and providing constraints on the prevalence and distribution of wide planetary systems. However, like most of the radial velocity ones, these surveys generally focus on single stars, hence binaries and higher-order multiples have not been studied to the same level of scrutiny. This motivated the SPOTS (Search for Planets Orbiting Two Stars) survey, which is an ongoing direct imaging study of a large sample of close binaries, started with VLT/NACO and now continuing with VLT/SPHERE. To complement this survey, we have identified the close binary targets in 24 published direct imaging surveys. Here we present our statistical analysis of this combined body of data. We analysed a sample of 117 tight binary systems, using a combined Monte Carlo and Bayesian approach to derive the expected values of the frequency of companions, for different values of the companion's semi-major axis. Our analysis suggest that the frequency of sub-stellar companions in wide orbit is moderately low ( 13 % with a best value of 6% at 95% confidence level) and not significantly different between single stars and tight binaries. One implication of this result is that the very high frequency of circumbinary planets in wide orbits around post-common envelope binaries, implied by eclipse timing (up to 90% according to Zorotovic & Schreiber 2013), can not be uniquely due to planets formed before the common-envelope phase (first generation planets), supporting instead the second generation planet formation or a non-Keplerian origin of the timing variations.
Introduction
In the past decade, an increasing amount of effort has been spent on studying the formation and evolution of planets in the environment of binary host star systems (see e.g. the book "Planets in Binaries", Haghighipour 2010 ). More than one hundred planets have been found in binary systems to date 1 . Most of these discoveries have been made with indirect detection methods such as Doppler spectroscopy or transit photometry methods, which are heavily biased towards planets with short orbital periods and, therefore, favour circumstellar ('s-type') configurations around individual components of wide binary systems. Despite this bias, about 20 of these planets have been found in circumbinary ('p-type') orbits encompassing tight binary systems, hinting at the existence of an extensive unseen population of circumbinary planets.
Direct imaging, on the other hand, is a powerful planet detection technique particularly well suited to planets on wide orbits, which complements the limited parameter space of the indirect detection methods. A number of direct imaging surveys have been published to date (e.g., Lafrenière et al. 2007; Vigan et al. 2012; Janson et al. 2013a; Biller et al. 2013; Rameau et al. 2013b; Daemgen et al. 2015) , which have resulted in the discovery of several planets (e.g. Marois et al. 2010; Lagrange et al. 2010; Kuzuhara et al. 2013; Carson et al. 2013; Rameau et al. 2013a ) and brown-dwarf companions (e.g. Thalmann et al. 2009; Biller et al. 2010; Bonavita et al. 2014) . Such surveys typically reject binary systems from their target sample. Although many previously unknown tight systems were still included in their target lists, the population of wide-orbit planets in such systems still remains largely unexplored.
To address this, the SPOTS project (Search for Planets Orbiting Two Stars; (Thalmann et al. 2014 , hereafter Paper I) is conducting the first dedicated direct imaging survey for circumbinary planets. Our long-term goal is to observe a large sample of young nearby tight binary systems with the VLT NaCo, VLT SPHERE, and LBT/LMIRCAM facilities. The NaCo-based first stage of the survey, which comprises 27 targets, completed its exploratory observations in 2013 (Paper I) and the follow-up observations to confirm the physical association of planet candidates is in progress. Additional close binary targets are being observed with the newly installed direct imaging instrument SPHERE (Beuzit et al. 2010) and with LMIRCAM at LBT in the context of the LEECH project (Skemer et al. 2014) , increasing the sensitivity to planetary companions at close separation. Although the survey is not yet completed, it has already yielded A&A proofs: manuscript no. MBonavita_SPOTS_II_final a first discovery: the sharp highly asymmetric features in the circumbinary protoplanetary disk around Ak Sco imaged with SPHERE (Janson et al. 2016) .
A discussion of the survey's scientific background, observational strategy, and first results is presented in Paper I. The scientific justification can be summarised in the following four main points:
-Theoretical and observational evidence suggests that circumbinary planets constitute a significant fraction of the overall planet population, and therefore merit exploration. -With appropriate target selection, the host binarity has no detrimental effects on observation and data reduction. The detectability of planets around a tight binary may in fact be superior to that around a single star of equal system brightness, since the greater total system mass is expected to correlate with a greater amount of planet-forming material. -Dynamic interactions with the host binary can launch circumbinary planets that formed or migrated close to the system centre onto wide orbits, where they are more easily imaged. -Measuring differences in the planet demographics between circumbinary and single-star target samples may bring new insights into the physics of planet formation and evolution that would be inaccessible to surveys of single stars only.
Details and references for these claims are listed in Thalmann et al. (2014) .
Here, we present a statistical analysis of the combined body of existing high-contrast imaging constraints on circumbinary planets to complement our ongoing survey. Indeed, while several of the available surveys intended to avoid binaries, or at least close visual binaries, the census of stellar multiplicity was highly incomplete at the time of the execution of the observations. The direct imaging surveys provided themselves the best census of close visual binaries, with each survey contributing typically with several new discoveries.
For this purpose, we searched the target lists of 23 published direct imaging surveys, looking for tight binaries, collected their contrast curves, and compared them to synthetic circumbinary planet populations using the QMESS code (Bonavita et al. 2013) . The target sample is presented in Section 2, the stellar and binary properties in Section 3 and the statistical analysis is described in Section 4. Finally the results are summarised and discussed in Section 5.
Target samples

The circumbinary sample
Our initial sample was built merging the target lists of the several recent deep imaging surveys with sensitivity adequate for detection of giant planets. Among these are some of the largest deep imaging surveys performed to date, such as the VLT/NaCo large program by Chauvin et al. (2015) (NLP), the PALMS (Planets around Low-mass Stars) survey (Bowler et al. 2015) , the SEEDS (Strategic Exploration of Exoplanets and Disk with Subaru) survey (Brandt et al. 2014a; Janson et al. 2013a, B13 and J13, respectively) and the Gemini NICI Planet-Finding Campaign (Nielsen et al. 2013; Biller et al. 2013, N13 and BN13, respectively) . The main characteristics of all the surveys considered in this paper are reported in Table 1 . To these, we added also the low-mass spectroscopic binary CHXR 74, which orbit has been constrained by Joergens et al. (2012) 
(JJ12).
We also included some target from a HST/NICMOS survey of 116 young (< 30 Myrs) nearby (< 60 pc) stars (Song et al. private communication, see also Song et al. 2006) . Each target was observed at two spacecraft roll angles in successive HST orbits. After standard cosmetics correction, the two roll angle images were recentered and subtracted to suppress the stellar Light contribution. Additional Fourier filtering was applied to remove PSF low-spatial frequencies to search for faint pointlike sources in the star vicinity. Detection limits and maps were derived using a 5x5 pixels sliding box over the whole image and flux calibrated considering the standard NICMOS photometric calibration in the F160W observing filters (please refer to: http://www.stsci.edu/hst/nicmos/performance/photometry) For all the targets an extensive search for multiplicity was performed in binary catalogues such as the Hipparcos and Tycho Catalogues (Perryman & ESA 1997) Pourbaix et al. 2004) , the SACY database , the Geneva-Copenhagen survey . We also considered the literature on individual targets as well as from the direct imaging surveys themselves, which resolved for the first time a number of pairs, making the input papers the best sources to be used to identify close visual binaries. Ambiguous cases such as candidate binaries with astrometric accelerations only or with position above sequence of coeval stars in colour-magnitude diagram are not included in our sample of binaries. We also note that several of the targets of imaging surveys are lacking radial velocity monitoring, thus the census of spectroscopic binaries is likely incomplete.
When searching for circumbinary planet hosts in such samples, one must take into account that most of these surveys includes severe selection biases against binary targets. Most surveys in fact excluded known binaries with separations smaller than 2 arcsecs. Nevertheless, a significant number of binary and multiple targets are found in this surveys, not being known at the time of the target list compilation, or resolved for the first time during the searches themselves.
Of course, wide binaries are not suited to a search for circumbinary planets. We fixed as a limit for our investigation the systems for which the inner limit of dynamical stability for circumbinary planets (see Sect. 3.2 for definition and determination) is smaller than 50 au. This limit roughly corresponds to the expected truncation limit of the circumbinary disk. The adopted limit is significantly larger than the dynamical stability limits for the circumbinary systems discovered by Kepler but it can be considered as conservative when looking at the properties of some binaries hosting well-studied circumbinary disks such as GG Tau A (a ∼ 60 au, Köhler 2011) and SR24N (a ∼ 32 au, Andrews & Williams 2005) . Therefore, while the adopted limit is somewhat arbitrary, it appears reasonable for the identification of a sample of systems for which the presence of circumbinary planets is possible and worth to be explored.
With such selection criteria, a total of 139 targets were selected. Taking into account the overlap between the various surveys considered, our final sample for the search for circumbinary planets (hereafter CBIN sample) includes 117 unique systems.
The stellar and binary parameters of the stars in the CBIN sample are derived following the prescriptions described in Sec. 3 and are listed in Table 2 .
It is interesting for the purposes of our statistical analysis and for comparison with other results (e.g., from Kepler space mis- sion) to obtain an ensemble view of the properties of the sample. To this aim, Fig. 1 shows histograms and plots of several relevant parameters, derived as described in Sec. 3.1. As expected, the sample is dominated by young stars, with median age ∼ 50 Myr. Nevertheless, several old stars are present, mostly tidally-locked binaries originally classified as young due to their high activity levels. The median distance of the systems is 45 pc, with a significant number of objects (25%) at distances larger than 100 pc, mostly members of Sco-Cen groups. The total system mass lies between 0.22 to 20.8 M ⊙ , with a median value of 1.34 M ⊙ . The distribution of critical semi-major axis has a median value of 10 au, with 48 % of systems with a crit < 10 au. Binaries at larger a crit are under-represented in the sample with respect to unbiased samples due to the exclusion of previously known close visual binaries in most of the imaging surveys. The mass ratio distribution is fairly uniform, with a median value of 0.61.
The control sample
In order to ensure a consistent comparison of our results with those obtained for single stars, we carried an independent analysis of the sample described by Brandt et al. (2014b) . All the binaries used for our analysis were removed from the sample, together with those targets for which the detection limits were not available. We also removed from the comparison sample the stars with stellar companions within 100 au. As suggested by Bonavita & Desidera (2007) and, more recently by Duchêne (2010) , systems with separation > 100 au are in fact indistinguishable from single stars as far as the initial conditions and end product of planet formation are concerned. With these assumptions, the final control sample (hereafter SS sample) includes 205 stars.
CBIN sample properties
The CBIN sample is quite heterogeneous in terms of stellar and binary properties, as expected considering the original selection criteria in the parent surveys, which are focused in some cases of specific types of stars (low mass stars, early type stars, specific young moving groups), the presence or not of biases against specific types of binaries, etc. In this section, we present our determination of stellar and binary parameters for the systems included in our sample.
3.1. Stellar parameters 3.1.1. Stellar Ages
Even if their evolution is not completely understood (see Fortney et al. 2008) , giant planets are in fact thought to be more luminous at young ages, their luminosity fading with time, as they cool down (see Baraffe et al. 2003; Marley et al. 2007 ). Thus, observing younger targets increases the probability to find smaller companions by raising the planet/mass contrast, especially in the IR domain. Therefore, most of the original target lists for the surveys we considered were assembled on the basis of the young ages.
A&A proofs: manuscript no. MBonavita_SPOTS_II_final
In the past few years, significant efforts were devoted to the identification of nearby young stars and to the determination of their basic parameters. However, the determination of stellar age is still a challenging task (Soderblom et al. 2014 ) and stellar multiplicity represent an additional source of complications due to blending of the spectral features and lack of spatially resolved fluxes for most of the systems studied in the present paper. Furthermore, in very close binaries the components are tidally locked and so they have a short rotation period, thus mimicking some of the characteristics of young stars, such as high levels of chromospheric and coronal activity. There are also claims that Lithium abundance, another widely used age indicator, is altered in tidally-locked binaries (Pallavicini et al. 1992b ).
There are several cases of stars included in the direct imaging surveys being classified as young thanks to their high level or chromospheric and coronal activity but the subsequent identification of their nature as close spectroscopic binaries suggest that these are due to tidal locking and not to young age. In these cases, the determination of the stellar ages is very critical, especially when the lack of orbital solution prevents the study of the system kinematic. In some cases, we conservatively adopt an age of 4 Gyr, given the lack of specific constraints on stellar age. In some other cases, multiplicity was not known or in any case not taken into account in the derivation of stellar properties, resulting in biased parameters (e.g., photometric distances and then kinematic parameters).
In general, we followed the procedures described in Desidera et al. (2015) to derive stellar ages. For field stars, stellar ages were obtained from a variety of age indicators (lithium, chromospheric emission, coronal emission, rotation period, kinematic, isochrone fitting), exploiting measurements and age calibrations published after the original papers presenting the direct imaging surveys. For this reason, in several cases the system ages adopted in this work differ from those of the original papers. For close binary systems evolved through mass exchanges phase, ages and individual masses were taken from papers dedicated to the study of these objects.
Age is easier to determine in young associations, because a variety of stellar dating techniques can be used for stars of different masses (stellar models for low-mass stars and massive evolved stars, lithium, etc,) or for the association as a whole (kinematic age derived from relative velocities and position of the members).
The membership of the targets to various young associations and clusters was taken from several literature sources (Zuckerman & Song 2004; Torres et al. 2008; Zuckerman et al. 2011; Malo et al. 2013 ) and on studies of individual objects. Following the most recent results published in the literature in the last year, the ages of several young moving groups were revised with respect to those adopted in Desidera et al. (2015) and in Paper I. For β Pic, Tuc-Hor, Columba, AB Dor, TW Hya associations and η Cha open cluster we adopt the ages from Bell et al. (2015) . For Argus-IC 2391, we adopt the Li-depletion boundary age by Barrado y Navascués et al. (2004) , considering the ambiguities in the isochrone fitting discussed in Bell et al. (2015) . For Sco-Cen groups, we adopt the ages from Pecaut et al. (2012) , as already done in Desidera et al. (2015) . They are based on the same technique employed in Bell et al. (2015) , even if there are differences in some details of the isochrone fitting procedure. The resulting age ranking is also consistent with the result that the Lower Crux Centaurus group (LCC) is younger than β Pic moving group (MG) members, as found by Song et al. (2012) from Li EW. To be consistent with the upward revision of ages of most moving groups, we also revise the age of the CarinaNear moving group to 250 Myr. This is consistent with the recent gyro-chronology age of the nearly coeval Her-Lyr association Eisenbeiss et al. (2013) Details of the age indicators and membership to groups for individual targets are provided in Appendix A, The ages of moving groups as described above were also adopted for the members included in the comparison sample of single stars considered in the statistical analysis in Sec. 4.4
Stellar Distances
Trigonometric distance from Hipparcos New Reduction (Van Leeuwen 2007) or other individual sources were adopted when available. For other members of groups Torres et al. (2008) photometric+kinematic distances were adopted. For members of Upper-Scorpius without trigonometric parallax, a distance of 145 pc is adopted. For field stars without trigonometric parallax, photometric distances were derived using empirical sequences for different ages determined from members of moving groups, as described in Desidera et al. (2015) .
Stellar masses
Stellar masses were derived in most cases through stellar models for the adopted ages. In some case individual dynamical masses or mass ratio are available from orbital solution and we took into account this information. For the spectroscopic binaries for which only minimum mass of the companion is available from the orbital solution, we adopt this value to derive the critical semi-major axis for dynamical stability see Sect. 3.2). For the spectroscopic binaries for which minimum mass is not available (e.g. only indication for short period RV variations without orbital solution), we adopt a mass equal to half of that of the primary for the computation of the dynamical stability limit. Fig. 1C and 1D show the histograms of the total mass (M A + M B ) and of the mass ratio (q = M B /M A ), respectively, for the systems in the CBIN sample. Note that for the few systems where the secondary is a tight pair (see Sec.3.2.1 and Tab. 3 for details) the total mass of the two components was considered, thus resulting in a value of q > 1.
Binary parameters
The properties of the systems included in the CBIN sample are listed in Table 2 . References and details on individual systems are provided in Appendix A. When the complete orbital solution is known, semi-major axis and eccentricity are listed. For systems for which no reliable semi major axis was available, we made the estimation that a(au) ∼ ρ(arcsec)d(pc). This relies on the assumption of a flat eccentricity distribution, based on the results of Raghavan et al. (2010) .
For spectroscopic binaries the masses as described in Sect. 3.1.3 were adopted.
Tab. 2 also reports the values of the critical semi-major axis for dynamical stability (a crit ), calculated following the approach of Holman & Wiegert (1999) , For the circumbinary case this in-ner limit for the stability is given by:
In the equation we assume µ =
, where M A is the mass of the primary star, M B the mass of the secondary and a bin and e bin are the semi major axis and the eccentricity of the binary orbit. In agreement with the assumption used for the semi-major axis calculation, an eccentricity value of 0.5 was adopted for the systems for which no information on the orbit was available.
We choose a crit as a reference value because it is a physical quantity that better represents the dynamical effects due to a companion on planet formation and stability, including both the orbital parameters and mass ratio. Only planets outside the a crit limit for circumbinary planets were considered in the statistical analysis.
Higher order systems
There are several cases among our targets showing higher order multiplicity. Five systems (Algol, TWA5, BS Ind, V815 Her and HIP 78977) are tight triple systems with an inner pair with period shorter than 5 days and an external component with semimajor axis smaller than 3 au. In these cases, the direct imaging data would be able to detect planets around the three components. The critical semi-major axis for circumbinary planets was derived in these cases considering the sum of the masses of the inner pair, the mass of the outer component and the outer orbital parameters.
There are also several cases of hierarchical systems with an additional component at wide separation (Table 3) . In these cases, we considered the dynamical effects on possible circumbinary planets considering the tight binary as a single star with a mass resulting from the sum of the individual components. The limit for the presence of circumbinary planets due the outer companion(s) is therefore derived using the equation by Holman & Wiegert (1999) for circumstellar planets:
For the 31 systems listed in Tab. 3 this outer stability limit is smaller than the maximum value considered for the planetary semi-major axis (1000 au). Therefore for these targets both the inner and outer limit for the stability have been considered for the statistical analysis (Sect. 4.3).
The few cases of compact triple systems for which the stability limit due to the presence of the outer component is smaller than the limit for circumbinary planets around the central pair were removed from the sample.
Statistical analysis
Statistical formalism
For our statistical analysis we used a Bayesian approach described in Lafrenière et al. (2007) and in a similar way to what has been done by Vigan et al. (2012) and Brandt et al. (2014b) .
Our goal is to link the fraction f of the N systems in our sample hosting at least one companion of mass and semi-major axis in the interval [m min , m max ]∩[a min , a max ] with the probability p that such companion would be detected from our observations.
The likelihood of the data given f is
where ( f p j ) is the probability of detecting a companion around the jth star, (1 − f p j ) is the probability of non detection and {d j } denotes the detections made by the observations, such that d j equals 1 if at least one companion is detected around star j and 0 otherwise. As we have no a priori knowledge of the wide-orbit massive planet frequency, we adopt a maximum ignorance prior, p( f ) = 1. From this prior and the likelihood defined as in Eq. 3 we can use Bayes' theorem to obtain the probability that the fraction of stars having at least one companion is f , given our observations {d j }, or posterior distribution:
For a given confidence level CL = α we can then use this posterior distribution p( f |{d j }) to determine a confidence interval (CI) for f as follows:
the boundaries of this CI being the minimal ( f min ) and maximal ( f max ) values of f compatible with our observations. In case of a null result, clearly f min = 0 and the only result of the such analysis would be a constraint on f max .
For a case, like ours, where there are some detections, an equal-tail CI can be assumed, and for a given value of α, f min and f max can be obtained by numerically solving the following equations (see Lafrenière et al. 2007 ):
Detection limits
For each of the targets in the CBIN sample, we collected the available information on the sensitivity in terms of star/planet contrast at a given angular distance from the star. Such detection limits were therefore used to define the discovery space of our search. Even if with many common points, the methods used for the evaluations of the limits are slightly different in the various surveys listed in Tab. 1, the main discriminant being the way in which the noise estimation is made. Except for Lowrance et al. (2005) , which uses a completely different approach, a Gaussian distribution is assumed for the noise, and a 5 − 6σ level is set for the detection. This is particularly appropriate in case of the ADI data, since the LOCI processing leads to residuals whose distribution closely resembles a Gaussian (see e.g. Lafrenière et al. 2007 ).
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In the case of the SONG HST survey, 2D detection maps were used.
The COND models (Allard et al. 2001; Baraffe et al. 2003 ) were used to convert the sensitivity curves into minimum mass limits for all the stars in the CBIN sample.
Detection probability
In order to evaluate the detection probability ( f p j ) for the targets in our sample, we used the QMESS code (Bonavita et al. 2013) . The code uses the information on the target stars, together with the detection limits described in Sec. 4.2 to evaluate the probability of detection of companions with semi-major axis up to 1000 au and masses up to 75 M Jup . These values were chosen after a series of tests, aimed at constraining the best possible parameter space for our analysis, given the way our sample was constructed.
A dedicated version of the QMESS code was used for the target from the SONG HST survey, as 2D contrast maps were provided instead of 1D contrast curves for this purpose (see Bonavita et al. 2012, for details) .
In case several limits were available for the same star, separate runs were performed using each limit singularly. Then the final detection probability map was built by considering, for each grid point, the highest value among the full set. This is equivalent to assume that a planet is detected if it is so in at least one of the images.
The same kind of analysis was repeated for the targets in the control SS sample described in Sec. 2.2. Fig. 2 shows the average detection probability map obtained considering all the stars in both the CBIN sample (left panel) and SS control sample (right panel).
Derived companion frequency
Five of the 117 systems in the CBIN sample have reported detection of additional sub-stellar companions, two of which (HIP 59960b and 2MASS J01033563-5515561 AB b) below the deuterium burning limit. The SS control sample described in Sec. 2.2 includes 7 targets with confirmed sub-stellar companions, including the planetary-mass companions of κ And and AB Pic. The sub-stellar companions HN Peg B (Luhman et al. Article number, page 6 of 21 M. Bonavita et al.: Constraints on the frequency of circumbinary planets in wide orbits 2007) and MN UMa B (Kirkpatrick et al. 2001) are not included in the statistical analysis being at larger projected separation than the limits of the field of view of the imaging surveys considered here. Table 4 summarises the characteristics of the detected companions in both the CBIN and the SS samples.
We used the approach described in Sec. 4.1 and the detection probability ( f p j ) evaluated as in Sec. 4.3 to constraint the frequency f of sub-stellar companion in wide circumbinary orbits around the targets.
For a given value f of the fraction of stars having at least one companion in the chosen range of mass and semi-major axis, we inverted Eq. 5 to estimate its probability p( f |{d j }). Table 5 summarises the results we obtained for different choices of mass and semi-major axis ranges, for both the CBIN and the SS sample. Fig. 3 shows the results obtained considering semi-major axis up to 1000 au.
For each case, Eq. 7 and 6 were also used to calculate the values of f min and f max respectively, for a CL value of 68% and 95%.
Discussion
The frequency of planets and brown dwarfs in circumbinary orbits
We have presented the results of the statistical analysis of a sample of 117 tight binaries observed in the contest of some of the deepest DI planet search surveys. Five of the targets included in our sample have reported detection of sub-stellar companions, two of which (HIP 59960 b and 2MASS J01033563-5515561 b) are in the planetary mass regime. We find that our data are compatible with 6% (with an upper limit of ∼13% at 95% confidence level) of tight binaries hosting sub-stellar companions (2 M Jup < M c < 70 M Jup ) within 1000 au. If we limit our analysis to planetary mass companions (2 M Jup < M c < 15 M Jup ), the best frequency value is 2.70% (with a 95% CL upper limit of ∼9%), for a semi-major axis cutoff of 1000 au, and 1.35% (with f max ∼ 7% at 95% CL) for separations up to 100 au.
From a similar analysis of the SS control sample described in Sec. 2.2 we were able to infer a frequency of companions within 1000 au between 0.6% and 6.55% for the planetary mass objects and between 2.25% and 9.95% for companions up to 70 M Jup , within the same semi-major axis range.
Although our results seem to point towards the existence of small differences between the frequency of sub-stellar companions around close binaries and isolated stars, the significance of such result is only marginal (at most 2σ for the 1000 au case, as shown also in Fig. 3 ) and needs confirmation through deeper observations and using larger samples.
Furthermore, possible selection effects may play a role. In particular, the discovery of substellar objects around a target may have triggered dedicated follow-up observations resulting in improved sensitivity to very close stellar companions. This is likely the case of HIP 59960, while the other stellar companions of stars in Table 4 were known in advance or presented in the discovery papers of the substellar companions. Our results therefore seem to suggest that no strong difference exists, in terms of frequency of sub-stellar companions in wide orbit, between close binaries and single stars. et al. (2012) estimated a frequency or circumbinary planets of about 3% (with lower limit of 1%) when considering the short-period circumbinary planets detectable by Kepler. The separation range we are sensitive with direct imaging is different from that explored by Kepler and then the two techniques are highly complementary. Very recently, a circumbinary planet at 2.7 au was discovered with Kepler (Kostov et al. 2015) , indicating that circumbinary planets likely are present over an extended separation range.
Comparison with Kepler results
Welsh
Some additional interesting trends are also emerging from the Kepler sample. Welsh et al. (2014) noticed the complete absence of transiting circumbinary planets around binaries with p < 5 d. This seems unlikely to be due to selection effects. Indeed, according to Slawson et al. (2011) a relatively high number of these systems were in fact observed by Kepler. Moreover, such planets, as long as they are near the inner stability limit, would have an higher transit probability, and therefore be easy to detect. The lack of planets around very close binaries could be due to the formation history of the tight pair, which may be linked to the presence of an outer stellar companions which shrunk the central binary orbit via Kozai mechanism and tidal circularization (Martin et al. 2015) . Sanz-Forcada et al. (2014) suggest strong photoevaporation, expected for this kind of tight binaries which keep fast rotation and high levels of magnetic activity for their whole lifetime, as a possible explanation for this lack of planets. Our sample includes a large variety of binary configuration, with a fraction of binaries with very short periods (17%),a number of binaries with orbital periods comparable to those of the hosts of Kepler circumbinary planets (7-41 days) and a significant number of wider binaries. Therefore, the possible lack of planets around very close pairs due to dynamical interaction has not a dominant role in our statistical analysis. Unfortunately, the binary properties of systems with detected sub-stellar companions are poorly constrained (orbits not available) for HIP 19176, HII 1348, 2MASS J01033563-5515561, and HIP 59960, while a reliable orbital solution was derived for TWA 5. However, a very close system is possible only for HII 1348.
Another property emerging from Kepler results is that often the circumbinary planets are found close to the dynamical stability limits. This is likely due to stopping of inward migration close to the inner disk limits caused by the presence of central binary (see e.g. Pierens & Nelson 2013). The circumbinary sub-stellar objects identified with direct imaging are typically very far from the dynamical stability limits with only 2MASS J01033563-5515561 b being at a separation which is less than two times the adopted dynamical stability limit. This holds both for the objects included in the sample as well as for other circumbinary planets or brown dwarfs which are not included in our statistical analysis due to the lack of suitable publication of the parent sample such as Ross 458 (Burgasser et al. 2010) and FW Tau and ROX42B (Kraus et al. 2014) or because the binary is wider than our adopted limit, as SR12 (Kuzuhara et al. 2011 ). This could be explained by a different formation mechanism but ejection to outer orbits due to gravitational encounters is also a viable possibility. The system around HIP 59960 is of special interest in this context, thanks to the presence of both a circumbinary companion of planetary mass at wide separation and of a circumbinary disk which have been recently spatially resolved with SPHERE and GPI (Lagrange et al. 2016; Kalas et al. 2015) . The on-going extension of the SPOTS program with SPHERE at VLT, probing A&A proofs: manuscript no. MBonavita_SPOTS_II_final closer separations, will be crucial for a better understanding of the separation distribution of circumbinary sub-stellar objects.
Implications for the origin of planet candidates around post-common envelope binaries
In the past years, several claims of massive planetary companions orbiting post-common envelope binaries, based on the transit timing technique, appeared in the literature (Zorotovic & Schreiber 2013 , and references therein). Their existence is currently controversial, as in several cases the continuation of the observations did not follow the ephemeris from the discovery papers, calling for a full revision of the orbital elements and/or the inclusion of additional objects (see, e.g. Parsons et al. 2010; Beuermann et al. 2012) . In other cases, the proposed multi-planet systems are not dynamically stable (see, e.g., Horner et al. 2013) . Only the system orbiting NN Ser appears to be confirmed (Parsons et al. 2014) , as timing variations are consistent with circumbinary planets for both the primary and secondary eclipses. The recent imaging non-detection of the brown dwarf candidate identified with timing technique around V471 Tau (Hardy et al. 2015) further calls into question the Keplerian origin of the observed eclipse timing variation (see however Vaccaro et al. 2015 , for a different interpretation of the imaging non-detection).
If the observed timing variations are due to circumbinary planets, there are two paths for their formation. The first one is that they formed together with the central binary and survived the common envelope evolution of central pair (first generation scenario). In most cases, the observed wide separation could be compatible with this possibility. The second scenario is that circumbinary planets formed after the common envelope evolution, in the circumbinary disk that is expected to form from the material lost in the process. The large content of heavy el-ements expected in such disks (Waters et al. 1998 ) could contribute in a large efficiency of planet formation process in these environments. This scenario is favoured in the discussion by Zorotovic & Schreiber (2013) and, for the specific case of the NN Ser system, by Mustill et al. (2013) , while Bear & Soker (2014) identified some difficulties with the second-generation model.
The first attempt to estimate the frequency of circumbinary planets around post-common envelope binaries was performed by Zorotovic & Schreiber (2013) . They found a very high frequency (90% from 10 systems with adequate time baseline and measurement accuracy) of the occurrence of eclipse timing variations suggesting the presence of circumbinary planets. In most cases, these candidate companions are moderately massive (5-10 M J ) and at moderately wide separation (5-10 au), i.e. within the mass and separation range we are probing with direct imaging (although the binary evolution could have caused some outward migration due to system mass loss). The similar (and relatively low) frequency of sub-stellar objects around close binaries and single stars found in our work points against the firstgeneration scenario being responsible for the majority of planet candidates around post-common-envelope binaries. This leaves as the most probable interpretations to the eclipsing timing variations either second generation planet formation or some nonKeplerian physical mechanisms mimicking the timing signature of planetary companions. It should be noticed that second generation planets are expected to be much younger than the age of the system and thus significantly brighter than 1st generation ones. This would strongly favour their direct detection. In the case of the NN Ser system, the cooling age of the white dwarf in the system is estimated to be just 1 Myr (Beuermann et al. 2010 ). We note that in the three cases of post-common envelope systems in our sample (Algol, Regulus, θ Hya), the detection limits were derived for the original system age, and thus are valid for first generation planets. Lower mass limits could be derived for planets formed at the time of the common-envelope evolution.
Summary and conclusions
We have presented a statistical analysis of the combined body of existing high-contrast imaging constraints on circumbinary planets, to complement our ongoing SPOTS direct imaging survey dedicated to such planets. The sample of stars considered includes 117 objects and comes from a search for tight binaries within the target lists of 23 published direct imaging surveys, including some of the deepest ones performed to data. This resulted in a large variety of binary configurations, including systems with very short periods, a number of binaries with orbital periods comparable to those of the hosts of Kepler circumbinary planets and a significant number of wider binaries.
The main conclusion of this work is the suggestion that no strong difference exists, in terms of frequency of sub-stellar companions in wide orbit, between close binaries and single stars.
With five of the pairs included in our circumbinary sample hosting sub-stellar companions, only two of which have planetary mass, we were able to constraint the frequency of circumbinary companions in wide orbits (< 1000 au) to a value between ∼0.9% and ∼9% for the planetary mass companions, and between 1.3% and ∼10% for low-mass brown dwarfs, with a confidence level of 95%.
A similar analysis for the comparison sample of 205 single stars lead to a value of the frequency of planetary (low-mass BD) companions between 0.6% and 6.55% (1.25% and 7.55%), with the same confidence level.
Although there seem to be some small differences between the results for the two samples, the retrieved values of the frequency are compatible within the errors, and given the small number of target considered, it is premature to speculate about possible differences in the overall frequency, as well as in the formation mechanisms.
The similar (and relatively low) frequency of sub-stellar objects around close binaries and single stars also points against the first-generation scenario being responsible for the high abundance of planet candidates around post-common-envelope binaries.
This leaves as the most probable interpretations to the eclipsing timing variations observed in the majority of post-common envelope binaries either second generation planet formation or some non-Keplerian physical mechanisms mimicking the timing signature of planetary companions.
Our result nicely complement those coming from the Kepler spacecraft, as the separation range explored with direct imaging is quite different. Kepler's circumbinary planets are often close to the dynamical stability limit, whereas most the companions identified with direct imaging are instead much further out.
The on-going extension of the SPOTS program with SPHERE at VLT, probing closer separations, will be crucial for a better understanding of the separation distribution of circumbinary sub-stellar objects. Malo et al. (2013) instead classified it a member of Argus association. The age indicators support a young age with upper limit of 150 Myr. We then adopt Argus membership and age, but stressing the uncertainty in the kinematic parameters due the unknown binary orbit. Indeed, the star is a close binary with similar components (projected separation 0.228 arcsec) 5. 2MASS J01033563-5515561 Close visual pair with a detected companion close to deuterium burning mass in circumbinary configuration (Delorme et al. 2013) . The system is a probable member of Tuc-Hor association. 6. HIP 4967 = G 132-50A Young M dwarf, probable member of AB Dor MG, resolved into a tight binary by B15. There is an additional wide companion G 132-50B at 25.6 arcsec, which it itself a 2 arcsec pair, making the system quadruple. The X ray emission is instead larger, comparable to Hyades stars of similar colour, but this may be dominated by the emission from the close pair of M dwarfs due to their probable tidal locking. Barnes (2007) report a gyro-age of 730 Myr, from a rotation period of 9 days, that is wrong due to a typo in Pizzolato et al. (2003) (the referenced paper Saar et al. 1997, gives 19 .3 days, derived from chromospheric emission). We then adopt the isochrone age. 10. HIP 12413 = HD 16754A = s Eri Star with various signatures of multiplicity. As discussed in Zuckerman et al. (2011) , the high-resolution X-ray imaging by Schröder & Schmitt (2007) indicates that the early-type primary should have a spatially unresolved low mass companion. The presence of RV variations (Buscombe & Morris 1961) and of the astrometric acceleration in Hipparcos catalogue further support the binarity and suggest an orbital period of several years. We derive the stability limit for a semimajor axis of 5 au and a mass of 0.6 M ⊙ . There is an additional M-type companion at 24 arcsec. The system is a probable member of Columba association ). 11. HIP 12545 = BD +05 0378 See Thalmann et al. (2014) Member of BPIC MG. Identified as SB1 in Song et al. (2003) (peak-tovalley variation of 20 km/s, no orbital solution provided). However, Bailey et al. (2012) found no evidence for large RV variations from their monitoring over 600 days (14 epochs, scatter of 179 m/s). 12. HIP 12638 = HD 16760 Radial velocity monitoring revealed a substellar companion of projected mass m sin i about 14 M J (Sato et al. 2009; Bouchy et al. 2009 ). The direct detection by Evans et al. (2012) shows that the true mass is significantly larger than the minimum mass and that the inclination is very close to pole-on. Evans et al. (2012) derived a combined imaging and RV orbital solution, which we adopt in our study. Evans et al. (2012) also summarised the puzzling results from different age diagnostics. The adopted age is derived from the membership to AB Dor moving group. The star has a wide companion (HIP 12635) at 14 arcsec. 13. HIP 13081 = HD 17382 = BC Ari = GJ 113 Triple system.
The primary is a spectroscopic and astrometric binary (Hipparcos acceleration). Latham et al. (2002) derived a preliminary spectroscopic orbital solution with period about 17 yr in a rather eccentric orbit. The minimum mass of the companion is about 0.18 M ⊙ . There is also a wide companion (GJ 113 C) at 20 arcsec (mass M B = 0.16M ⊙ ). The star is a probable member of Hercules-Lyra according to Fuhrmann (2008) . Activity indicators are consistent with a slightly older age (about 400 Myr) while lithium was not detected in the spectrum (Favata et al. 1996) suggesting an age of about 600 Myr or older. We then consider the membership unlikely, as also concluded by Eisenbeiss et al. (2013) . The discrepancy between age indicators might also be explained if the unseen companion is actually white dwarf rather than a low mass main sequence star (see Zurlo et al. 2013 , for the case of HD8049). But considering the lack of evidences supporting this latter hypothesis and the marginal amount of the discrepancy between age derived from lithium and activity indicators, we adopt an age 500 Myr. 14. HIP 14555 = GJ 1054 A Short-period SB2 with similar components. See Maire et al. (2014) . 15. HIP 14576 = Algol = HD 19356 Triple system, with an inner pair evolved through mass transfer phase, and an additional component that is anyway close enough (a=2.78 au) to allow the search for planets around the three stars. Stellar masses and orbital parameters from Sarna (1993) . 16. HIP 16247 = HD 21703 = AK For Eclipsing binary recently studied by Hełminiak et al. (2014) . The high levels of chromospheric and coronal activity are due to tidal locking and not to young age, as indicated by the lack of detection of lithium by Favata et al. (1995) , that corresponds to a lower limit to stellar age of about 200 Myr. Queloz et al. (1998) . No orbit available. 20. HII 1348 SB2 in Pleiades open cluster according to Queloz et al. (1998) Richichi et al. (2012) were not able to conclude whether this is the same object responsible of the RV variations, due to the scarcity of the available info on the RV variations. 22. HIP 19176 = HD 284149 A brown dwarf companion was recently detected by Bonavita et al. (2014) at a projected separation of about 400 au. As discussed in this paper, the RV variability indicates the presence of an additional companion at small separation. We adopt the stellar parameters from Bonavita et al. (2014) . 23. RX J0415.8+3100 = V952 Per This star was classified as a shortperiod SB1 by Nguyen et al. (2012) on the basis of the large (70 km/s) RV variations over timescales of days. A lower limit to the companion mass is 0.21 M ⊙ assuming a period of 2 days and a RV semi-amplitude of 35 km/s. An additional component at 0.9 arcsec makes the system triple. Daemgen et al. (2015) classified the star as member of the Taurus Extended association. We estimated a distance of 200 pc with a reddening E(B-V)=0.15, after correcting A&A proofs: manuscript no. MBonavita_SPOTS_II_final the system magnitude for the presence of the visual companion and assuming negligible flux contribution by the spectroscopic component. Delorme et al. (2012) . The pair has also a wide companion (sep. 66 arcsec, see Feigelson et al. 2006) , the F0V star 51 Eri. 27. HIP 21965 = HD 30051 Astrometric binary, with orbital solution derived by Goldin & Makarov (2007) . The star is a member of TucHor association. 28. DQ Tau SB2 with nearly identical components, member of Taurus star forming region. Orbital parameters from Mathieu et al. (1997) and primary mass from Daemgen et al. (2015) . 29. HIP 23296 = HD 32115 This is a slow rotating A type star without abundance anomalies. It is a short-period single-lined SB with orbital parameters derived in Fekel et al. (2006) . The minimum mass is of 0.29 M ⊙ (for a primary stellar mass of 1.5 M ⊙ ) A very low mass star in wide orbit has been identified by De Rosa et al. (2014) . V12 adopt an age of 125 Myr from the position on CMD similar to Pleiades stars. 30. HIP 23418 = GJ 3322 = 2MASS J05015881+0958587 Tight triple system, formed by a 12d spectroscopic binary and an outer visual companion at 1.37 arcsec that strongly limits the region allowed for stable circumbinary planets around the central pair. We adopt the trigonometric distance from Riedel et al. (2014) , the age from membership to β Pic MG and masses from Tokovinin (2008) . Close et al. (2005) . Astrometric orbit has been derived by Guirado et al. (2006) . We adopt these parameters in our analysis. The secondary AB Dor C is a very low mass star (0.09M ⊙ ). Included in the B07 survey. 34. AB Dor BaBb = HIP 25647 BaBb = HD 37065 BaBb Second pair in the AB Dor quadruple system. Resolved into a 0.06 arcsec binary by Janson et al. (2007) , included in the CH10 survey. 35. 2MASS J05320450-0305291 = V1311 Ori = TYC 4770-797-1
Close visual binary, member of β Pic MG. Individual masses from Janson et al. (2012) and distance from L15. 36. HIP 30920 A = GJ 234 A = V575 Mon Spectroscopic, astrometric and visual binary. Parameters from Ségransan et al. (2000) The stellar age is uncertain but likely moderately young, considering the large X-ray emission, significant rotation and young disk kinematics. We adopt 150 Myr. 37. HIP 32104 = HD 48097 = 26 Gem = HR 2466 Member of Columba association according to Zuckerman et al. (2011) and Malo et al. (2013) . Spectroscopic (Galland et al. 2005 ) and astrometric (Hipparcos orbital solution) binary. Combining the spectroscopic solution with the inclination from Hipparcos results in a companion mass of 0.51M ⊙ at 1.87 au. The secondary is most likely responsible for the X-ray emission from the system. 38. HIP 35564 See Desidera et al. (2015) . have a WD companion with temperature 25000-31000 K from the analysis of the UV spectrum of the system (Burleigh & Barstow 1999) . Vennes et al. (1998) detected low amplitude RV variations and astrometric acceleration was detected from Hipparcos data and from the difference of Hipparcos and historical proper motion (Makarov & Kaplan 2005) . Therefore, the period is expected to be or the order of a decade, but no orbital solution is available in the literature. We adopt the stellar masses from Holberg et al. (2013) . 50. 1RXSJ091744.5+461229AB See Bowler et al. (2015) . Individual masses from Janson et al. (2012) 51. HIP 47133 = PYC J09362+3731 = GJ 9303 Short-period SB2, see Bowler et al. (2015) for details and references. As for other suspected tidally locked binaries we adopt an age of 4 Gyr. 52. HIP 49669 = Regulus = α Leo = HD 87901 The presence of a spectroscopic companion was identified by Gies et al. (2008) , with indication that the companion is a white dwarf. If this is the case, significant interaction between the components were expected to have happened, possibly explaining the extreme rotation of the (current) primary. Rappaport et al. (2009) modelled the evolution of the system, finding as the most likely initial configuration two stars of 2.3 and 1.7 M ⊙ in short period (1-15 days). The current companion to the 3.4M ⊙ component is expected to be a 0.30 M ⊙ He WD. This scenario requires an age of the system older than 900 Myr. The system is quadruple, as there is a close pair of low mass stars (K2V + M4V) at a projected separation of 175 arcsec = 4000 au, whose physical association has been recently confirmed by Tokovinin et al. (2015) . Therefore, we rely on the age indicators of the late-type component. The lack of lithium (Pallavicini et al. 1992a) indicate an age older than 500 Myr while the chromospheric and coronal emission yield an age slightly younger than the Hyades. We adopt an age of 600 Myr. This estimate indicates that some adjustments are needed in the description of the evolution of the system by Rappaport et al. (2009) , which is not unexpected considering the theoretical uncertainties in the common envelope evolution. 53. HIP 49809 = HD 88215 = HR 3991 This is a rapidly rotating early F star and single-lined SB. The minimum mass of the companion is 0.20 M ⊙ . Stellar age is obtained through isochrone fitting. Kinematics is compatible with
